Background and purpose: The role of adjuvant radiotherapy for central neurocytomas (CNs) is not clear. Therefore, we aimed to examine the clinical outcomes of treating histologically confirmed CNs with adjuvant RT after surgical resection.
Introduction
Central neurocytomas (CNs) of World Health Organization (WHO) grade II [1] are uncommon tumors of the central nervous system and represent approximately 0.25-0.5% of all intracranial tumors. CN was described for the first time in 1982 by Hassoun and co-workers, and, by the early 1990s, it had become a well-defined clinical and pathological entity [2] . CNs are typically located supratentorially in the lateral ventricle(s) and/or the third ventricle. CN used to be considered a benign tumor due to the excellent clinical outcomes after treatment. However, long-term follow-up showed that CNs had a higher recurrence rate than expected, even after complete resection [3] .
Because of the rarity of this tumor, no randomized clinical trials on CNs have been performed. Treatment strategies have been based on case reports and retrospective studies on small populations [4] [5] [6] . Surgery is the mainstay of treatment, and the extent of surgery is the most important prognostic factor affecting clinical outcomes [7] . In addition, radiotherapy (RT) can successfully control residual tumor after incomplete resection or recurrence [3, 8] . It is important to investigate the role of adjuvant RT after resection, given the dismal local control rates in CN patients who undergo incomplete resection (IR). For example, in a study of 45 CN patients [3] , one-third of the patients developed recurrence after gross tumor resection (GTR). The recurrence rates were even worse in patients who underwent IR. Rades et al. [9] conducted a meta-analysis of all the published data since 1982 from 91 centers and reported that the 10-year local control rate was only 35% in the 109 CN patients who received IR. The role of adjuvant RT after resection remains controversial, and the standard treatment for this tumor has not yet been established [7, [9] [10] [11] [12] [13] [14] . The main concern about the use of adjuvant RT in CN patients is that it may increase the risk of late neurotoxicity in these patients [4, 5] . However, neurotoxicity of RT in patients with CN has not been reported till now, and the concerns about radiotoxicity mainly come from the long-term toxicity observed in cases of other low-grade primary cerebral neoplasms like glioma [15] .
Here, we retrospectively investigated the long-term survival and late toxicities associated with adjuvant RT for neurocytoma; we hope that these findings will help guide oncologists in treatment decisions in such cases in the future.
Methods and materials

Patient population
Sixty-three patients with CN underwent surgical resection between January 2001 and October 2010 at Beijing Tiantan Hospital. All the patients received adjuvant RT after surgical resection at Beijing Tiantan Hospital, Beijing Shijitan Hospital or Beijing Puren Hospital. Institutional review board approval was obtained at these hospitals for retrospective review of the data. In all the patients, the CN diagnosis was confirmed by pathological tests. The dates of patients' follow-up appointments were obtained through a review of hospital records, telephone interviews, and patient consultations.
Treatment
Of the 63 patients with CN, 24 underwent gross total resection (GTR); 28, subtotal resection (STR); 9, partial resection (PR); and 2, biopsy only (Bx). The extent of resection was assessed by contrast-enhanced MR within 2 weeks after surgery. Based on the surgeon's intraoperative observation and the MR image, the extent of resection was classified as GTR (absence of a macroscopically visible residue), STR (less than 10% residue remaining) or PR (10-50% residue remaining). Patient selection for postoperative RT was mostly based on the surgeon's discretion. Because there is no standard management procedure for this rare malignant tumor, a majority of surgeons at Tiantan Hospital preferred adjuvant RT to decrease the chances of recurrence. From the 63 patients, 38 (60.3%) were treated with conventional focal RT, and 25 (39.7%) with three-dimensional conformal RT (3D-CRT, n = 18) or intensity-modulated radiation therapy (IMRT, n = 7). Simulation was performed generally a month after surgical resection. The median interval between surgery and RT was 47 days (range, 13 to 160 days).
Tumor volume is best defined using pre-and postoperative imaging. The planning target volume (PTV) represented a 3-mm geometric expansion of the clinical target volume, which was an anatomically constrained 10-mm expansion of the gross-residual tumor and/or tumor bed. In the whole series, the median total dose was 54 Gy (range, 46-60 Gy), and it was delivered in 1.8-2 Gy daily fractions. All patients completed RT according to the schedule.
Follow-up
Follow-up ended on September 1, 2012. Fifty-two (82.5%, 52/63) patients underwent contrast-enhanced MRI of the brain every year after radiation, while eleven (17.5%, 11/ 63) patients discontinued the MRI scans after 1 to 4 years of follow-up. The median follow-up was 69 months, and the mean follow-up was 66 months (range, 15-129 months). Overall survival (OS) was calculated from the time of surgery until death or last follow-up, and progression-free survival (PFS) was calculated from the time of surgery until tumor recurrence or last follow-up. The date of progression was confirmed retrospectively based on the findings from the MRI scans or based on symptomatic deterioration consistent with tumor progression. Toxicity was scored retrospectively using the National Cancer Institute Common Terminology Criteria for Adverse Events version 4.0 [16] .
Statistical analysis
The Kaplan-Meier method was used to estimate the time from surgery to relapse and death, and the log-rank test was used to compare survival between groups. All analyses were carried out using the SPSS 17.0 statistical software, and p values less than 0.05 were considered statistically significant.
Results
Patient characteristics
The patient characteristics are shown in Table 1 . The majority of patients presented with symptoms of increased intracranial pressure, including headache (43 cases, 67.2%) and nausea and vomiting (15 cases, 23.4%). The other symptoms included visual disturbance (17.2%), seizure (1.6%), dizziness (6.4%), sensory disturbance (4.8%), and others (6.4%). The involved areas included the left lateral ventricle (47.6%), right lateral ventricle (39.7%), and both lateral ventricles (12.7%). The tumors extended into the third ventricle in three cases. The median Karnofsky score was 90 (range, 30-100) before radiation. There were more patients with younger age (<28 years) in the GTR + RT group (18/24, 75%) than other groups (p = 0.005). Other factors including gender (p = 0.288) and tumor location (p = 0.984) were evenly distributed between groups.
Survival
Among the 63 CN patients, 42 patients were alive with no evidence of disease, and 8 were alive with stable disease. Eleven patients did not undergo MRI in recent years but had no symptoms of recurrence. Only two patients have died to date: one of them had undergone GTR and adjuvant RT and died due to tumor recurrence, while the other had undergone STR and adjuvant RT and died of unrelated causes 15 months after surgery. The 5-year OS was 96.6% and the 5-year PFS was 96.5% in all the patients ( Figure 1 ). The 5-year OS and 5-year PFS were 94.4% and 95% respectively after GTR + RT, 96.4% and 100% respectively after STR + RT, and 100% and 90.9% respectively after PR + RT. No statistically significant differences were observed between the three groups with regard to the 5-year OS (p = 0.787) or 5-year PFS (p = 0.689) ( Figure 2 ). The other factors including age, tumor diameter (≤5 cm vs. >5 cm), Karnofsky Performance Scale (KPS) score before RT (KPS ≤70 vs. >70), total radiation dose (≤54 Gy vs. >54 Gy), radiation technique (conventional RT vs. 3D-CRT/IMRT) and tumor location (unilateral ventricle vs. both ventricles) had no impact on OS or PFS (P >0.05).
Two patients underwent stereotactic biopsy and RT with total doses of 58 Gy and 54 Gy, which resulted in tumor shrinkage. One underwent STR at 5 months after RT and survived for 65 months without tumor progression; the other patient survived for 91 months after RT and is still alive without tumor recurrence.
Recurrence and salvage treatment
Three patients had recurrences during follow-up. Among them, two patients had recurrences at the primary site at 30 months and 24 months after GTR and adjuvant RT, and underwent salvage re-resection; one of them died of tumor progression 3 months after surgery and the other is still alive, at 129 months after surgery. The third patient underwent STR and adjuvant RT with a total dose of 56 Gy and had tumor dissemination to the spinal cord at 76 months after surgery. Salvage RT was performed on the recurrent lesion, and this patient is still alive with residual disease ( Table 2) . One of three patients combined with the third ventricle invasion had recurrence.
Toxicity
The data on toxicity were available for 60 patients. Among them, 38 (63.3%) patients experienced late neurotoxicity (grade 1, n = 28; grade 2, n = 7; grade 3, n = 3). Short-term memory impairment was the most common toxicity. At the time of follow-up, 28 patients (28/60, 46.7%) had grade 1 short-term memory impairment, two of whom also had grade 1 motor deficit. Grade 2 neurotoxicity (7/60, 11.7%) included cognitive disturbance (n = 3), motor deficit (n = 3), seizure (n = 1), involuntary movements (n = 1) and hemianopsia (n = 1); although these conditions affected the activities of daily living of the affected patients, they Months after Surgery progression-free survival(%) Figure 2 Progression-free survival in the three groups: no statistically significant differences were observed between the three groups.
did not require any assistance in their daily life. Only three patients (3/60, 5%) had grade 3 late neurotoxicity, including decreased vision (n = 1) and severe cognitive disability (n = 2). The first patient developed severe visual disturbance after partial resection and now requires assistance with his daily activities. The second patient had hydrocephalus and intracranial infection 4 weeks after surgery, and consequently developed irreversible grade 3 cognitive disturbance. The third patient developed cerebral infarction 5 years after RT, and had unilateral limb weakness and severe cognitive deficit at the time of follow-up.
Dosimetric comparison was performed in 25 patients who were treated with modern radiation techniques (18 with 3D-CRT and 7 with IMRT); the mean and maximum doses for organs at risk (OARs) were not significantly different between the group that exhibited neurotoxicity and the group that did not ( Table 3 ). The hippocampus had not been delineated as an OAR in the previous treatment plans, so we re-planned the dosimetric comparison in order to add the hippocampus as an OAR. No significant difference was observed between the group that showed memory impairment and the group that did not, with regard to the mean and maximum radiation doses delivered to the hippocampus (p >0.05).
Discussion
To the best of our knowledge, this is one of the largest original studies investigating the long-term survival, local control and toxicity outcomes of adjuvant RT for CN. To date, data on the long-term outcomes of RT have been limited (Table 4) . One meta-analysis [9] did show that RT improved the 10-year OS and 10-year LC in patients who underwent IR; moreover, this study also showed that RT significantly improved the OS and LC in cases of both typical CN and atypical CN. However, the results of the published meta-analysis were limited by the fact that it was conducted on preexisting published data from many institutions. Our results suggested that the addition of adjuvant RT led to the comparable survival outcomes to those who underwent GTR.
In this study, only three patients had recurrences during follow-up. According to the published data, the extent of resection is the most important prognostic factor, local control is better after GTR than after IR [14] . In some studies, high MIB-1proliferation index is also a prognostic factor which is associated with poorer local control [18] [19] [20] . Radiation is important factor that can retard residual tumor growth and improve local control [14] , but the effect of radiation dose to local control remained unclear and should be addressed. The local control rate in our study is excellent, even in patients who underwent IR and adjuvant RT. Tumor location seemed to be irrelevant to local recurrence, but involvement of periventricular parenchyma was associated with poor local control in some cases [21] . In our study, one of three patients with the lateral ventricle and the third ventricle involvement had recurrence. It is hard to draw conclusion from such limited dada, but we guess that the extent of tumor invasion may affect the local recurrence and deserve further investigation. Other factors such as age and gender may not correlate to local recurrence based on the published data.
Neurotoxicity of RT in patients with CN has not been reported till now. Although Hallock et al. [13] did report the first large study on toxicity outcomes in CN patients, mainly the sequelae of surgery, only one patient received adjuvant RT (1/19) in their study. Our results showed that surgery plus adjuvant RT produced minimal late toxicity: only seven (11.7%) and three patients (5%) had grade 2 and 3 late toxicity, respectively, and no grade 4 and 5 late toxicity was observed. The grade 3 late toxicity was caused by surgery in two patients and by cerebral infarction 5 years after RT in the third patient. Although vasculopathy with stroke are rare sequelae of irradiation [22] , it is still possible that they are related to adjuvant RT. Nonetheless, this is only a speculation, and this possible association should be studied further in future studies. The most common late neurotoxicity was short-term memory impairment, which had no impact on the daily life and work of the affected patients. It is not clear whether this is related to RT, because the records of acute toxicity after surgery are incomplete. It has been reported that radiation doses to key structures such as the hippocampus may lead to long-term memory effects [23, 24] ; however, dosimetric comparison of the group with memory impairment and the group without memory impairment showed that the mean and maximum doses applied to the hippocampus did not differ significantly. Therefore, it seems that it is unlikely that RT was the main cause of the memory deficit. Instead, some studies [25, 26] have shown that surgical resection has adverse effects on memory in patients in whom the tumor is located in the lateral ventricle and/or the third ventricle. Friedman et al. [26] retrospectively analyzed the neuropsychological data of 33 patients who received surgical treatment for brain tumors in the third ventricle: 43% of the patients displayed particularly severe memory impairment. Moreover, Shi et al. [27] showed that CN patients who underwent surgical resection showed impaired memory function in comparison with healthy individuals. In contrast, with regard to the effect of RT, most prospective studies [28] [29] [30] [31] [32] [33] investigating radiation-induced neurotoxicity in low-grade glioma patients did not find a relationship between RT and Abbreviations: GTR gross total resection, STR subtotal resection, PR partial resection, Bx biopsy, OS overall survival, LC local control, LR local recurrence, N/A not applicable, F/U follow-up, IR incomplete resection, RT radiotherapy.
cognitive impairment. Moreover, most studies that suggested a decline in cognitive function after RT were retrospective and often included a small number of patients [34] . Therefore, based on the published findings, we believe that the late neurotoxicities observed in our study were predominantly caused by surgery. Taken together, the findings in our study imply that the adverse effects of adjuvant RT for CN patients are limited and acceptable. Thus, in patients for whom it is difficult to perform GTR, IR with adjuvant RT avoids the potential risk of complications associated with a radical surgical approach.
Based on some studies, another reason for defering RT in patients who undergo IR is that they may be successfully salvaged with surgery or radiation in case of disease progression, these authors suggested that careful surveillance alone after IR may be a safe strategy [5, 13] . However, other authors [9] argued that both OS and LC were important endpoints. At the time of recurrence, initially benign neurocytomas may be associated with severe complications such as craniospinal dissemination and intraventricular hemorrhage [35, 36] . A second cranial operation appears to entail significant risk. Therefore, in our opinion, RT would be more effective if the tumor burden is minimal, and lower radiation dose and a limited radiation field are feasible at the time. The benefits of adjuvant RT seemed to overweigh its potential risks for CN patients after IR. Although it is hard to draw a conclusion based on the small sample size in this retrospective study, we believe that the role of adjuvant RT should be re-evaluated for these patients. Longer followup is needed to further investigate this issue.
For CN patients who undergo GTR, most authors agree that the clinical outcomes are favorable. Rades et al. [9] reviewed 152 CN cases of GTR and found the 5-year OS and 5-year LC to be 99% and 84%, respectively; these results are in accordance with ours (94.4% and 95%, respectively). All these data suggest that GTR alone is sufficient for the treatment of most CN patients.
In our study, two patients who underwent biopsy and RT (one underwent surgery 6 months after RT) survived for 65 and 91 months without tumor progression. Similar to these cases, Leenstra et al. [3] summarized a total of 11 cases in which the patients were treated with conventional RT alone after stereotactic biopsy; tumor relapse occurred in only three cases. These limited data suggest that RT may be the treatment of choice for CN patients who undergo biopsy and do not require resection.
The optimal target volume of adjuvant RT for CN remains unclear because the data for this are scarce. Following the generally accepted guidelines for low-grade brain tumors, many institutions adopt a target volume that includes the preoperative tumor volume and a 2-cm margin [37] . Since CNs are indolent tumors and are mostly confined to the lateral ventricles without invasion to the surrounding brain parenchyma, we think that the target volume maybe somewhat different from that of other low-grade brain tumors. In recent years, we have performed conformal irradiation with a 10-mm clinical target volume margin in order to reduce the adverse effects of RT. Although the follow-up time was relatively short, no recurrence was observed in our patients. In the most recent largest prospective study [33] addressing the late effects in 78 pediatric patients with low-grade glioma treated with 3D-CRT, a 10-mm clinical target volume margin was routinely used; the results showed that the adverse effects were limited and predictable for most patients. Moreover, the 10-year OS and 10-year eventfree survival were 96% and 75%, respectively. According to these limited data, we think that a 10-mm clinical target volume margin may be sufficient for CN patients who undergo 3D-CRT.
The optimal radiation dose for CN patients also remains unclear. The study by Rades [37] is the only one that investigates the appropriate radiation dose after IR; according to this study, a dose of ≥54 Gy significantly improves local control in patients with subtotally resected neurocytomas. However, in contrast to these findings, in our study, most of the patients received a total dose of 50-54 Gy, and higher doses (≥54 Gy) were not found to have an impact on clinical outcomes. Thus, a total dose of 50-54 Gy may be appropriate for CN patients who undergo IR.
One of the limitations in our study is that the MIB-1 labeling index of CN was not routinely examined at Tiantan Hospital in the past. The MIB-1 labeling index for this tumor is usually low, less than 2%, and tumors with indices greater than 2% or 3% have been referred to as "atypical neurocytomas" and are associated with a significantly shorter recurrence-free interval [18] [19] [20] . However, a recent large multicenter study of 71 cases by Vasiljevic and co-workers [7] reported that histologic criteria may not be reliable markers for "atypical" CNs, and that the extent of surgery was the main prognostic factor. Further, the long-term clinical results of 58 CN patients also challenged previous reports that the MIB-1 labeling index is related to the risk of recurrence [38] . In light of these reports, it seems that more reliable criteria are needed to define atypical groups of CNs.
Conclusions
In CN patients who undergo IR, the addition of adjuvant RT leads to survival outcomes comparable to those of patients who undergo GTR. The excellent outcomes and low incidence of late toxicities suggest that adjuvant RT may play an important role in the treatment of CN patients after IR, considering that treatment with IR alone may lead to disease progression. A multicenter prospective randomized trial is warranted to further investigate the optimal parameters for adjuvant RT in CN patients.
